ABSTRACT The physiology of oxygen delivery was studied in 118 stable patients from 3 months to 20 years old with congenital heart disease. 
THE EFFECT OF congenital cardiac malformations on systemic oxygen transport (SOT) and consumption (V02) is not well defined. Only recently have the variables reflecting oxygen supply (SOT) and demand (V02) and fractional 02 extraction (V02/SOT) been used to supplement more traditional assessments of circulatory integrity (vascular pressure, cardiac output, heart rate, and vascular resistance). To date, 02 balance studies in animals and man have focused on normal, physiologic relationships,'-5 the acute pathophysiology of disease states,2' S1 or laboratory manipulations. [12] [13] [14] [15] [16] [17] [18] [19] [20] From the University of New Mexico School of Medicine, Departments of Pediatrics and Physiology, Albuquerque.
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PATHOPHYSIOLOGY AND NATURAL HISTORY-CONGENITAL HEART DISEASE Methods. All subjects under 3 years of age received nothing by mouth for a minimum of 5 hr before the study; children over 3 years of age received nothing by mouth for at least 8 hr before the study. In those more than 6 months of age, meperidine (1.5 mg/kg) and droperidol (0.04 mg/kg) were administered as premedication 1 hr before the study.
After catheter insertion and during measurement of V02 by the flow-through, open-system technique,21 but before angiography or any hemodynamic manipulation, the following measurements were made in 2 ml samples of arterial and venous blood: hemoglobin concentration, arterial Po2, pH, Pco2 (Corning), aortic and mixed venous oxygen saturation (Radiometer 0M2), diphosphoglycerate (2,3-DPG) concentration corrected for hemoglobin concentration, and P50 (Hemoscan). From The level of Ps0 in the series of subjects appeared to be related both to age and arterial oxygen tension (table  1) . Subjects under 6 months of age had P50s lower than the remainder of subjects, due possibly to higher levels of fetal hemoglobin in individuals 3 to 6 months of age. In addition, subjects with arterial oxygen tensions of less than 50 mm Hg had lower P50s than those with higher arterial Po2; however, 14 of the 27 subjects in the Po2 less than 50 mm Hg group were under 6 months of age (the mean Po2 for infants < 6 months = 49 mm Hg, as compared with 64 mm Hg for the series as a whole Oxygen Tension (P02 -torr) FIGURE 1. Arterial and venous Po2-02 saturation measurements superimposed on a "normally positioned" oxyhemoglobin dissociation curve for adult hemoglobin (P50 = 28 mm Hg). The . The relationship of VO2 to SOT varied in this between-subject study, but there was a trend toward reduction of V02 at transport levels under 400 ml/min/m2 (figure 5). Fractional oxygen extraction from arterial blood (V02/SOT) rose as SOT fell ( figure  6 ) as a function of reduced mixed venous V02 at low levels of SOT (figure 7).
Discussion
The assessment of circulatory integrity by traditional hemodynamic measurements (flow, pressure, resistance) has been supplemented in recent literature by consideration of variables of oxygen physiology.2 In these analyses, relationships between VO2, SOT, and arterial oxygen extraction have emerged. Theoretic considerations and experimental data have supported the concept that V02 and SOT are related loosely over the physiologic range, but that at low levels of transport, VO2 falls proportionately; i.e., it is transport limited.23 24 Clinical series in adults8 and children25 suggest that survival statistics improve in critically ill subjects when V02 or SOT are maintained near the normal range. However, physiologic relationships be- From the equations in the Methods section, it is evident that SOT is both flow and content dependent. Arterial oxygen content, in turn, depends both on carrying capacity (hemoglobin concentration X a constant) and arterial oxygen saturation. Reduced SOT secondary to anemia (reduction in oxygen-carrying capacity) has been studied over the short term in dogs24 and lambs. 23 In both studies, cardiac output and V02 rose initially as transport fell. However, at SOT levels under 10 to 13 ml/kg/min (250 to 325 ml/min/m2 assuming a weight of 25 kg corresponds to 1 m2 body surface area), VO2 fell with further reduction in SOT. Reduction in SOT secondary to alveolar hypoxemia has also been studied in sheep. Moss hypoxemia, there is generally a close correlation between arterial oxygen saturation and red cell mass, and between arterial oxygen saturation and 2,3-DPG levels. 29 In primary and secondary polycythemic disorders, as well as in many pulmonary disease states, however, this is not the case, and there is a poor relationship between arterial oxygen saturation and both red cell mass and 2,3-DPG levels. 30 tube system. In that setting, "optimal hematocrit" -that is, hematocrit at which SOT is highest -is calculable. In settings in vivo, however, this analysis is complicated by variably mediated changes in flow and vascular resistance that preclude easy prediction of optimal hematocrit levels.
Effects of blood viscosity on SOT have now been examined in neonates,33 subjects with cyanotic congenital heart disease,34 35 polycythemic adults with chronic obstructive pulmonary disease,36 children with left-to-right intracardiac shunts,37 and in a number of animal preparations. 16' 3843 In each case, blood viscosity was observed to rise sharply when hematocrit levels exceeded 65%. However, changes in hematocrit over the range of 30% to 60% have substantial effects on vascular resistance that are not the same in all vascular beds. These findings are complicated further by the effects of reduced oxygen delivery on systemic blood flow itself. Rosenkrantz et al. 42 have suggested that in the cerebral circulation of sheep arterial oxygen content is a more powerful determinant of flow than viscosity in the hematocrit range of 30% to 55%. Other studies by Massik et al. 43 have confirmed that arterial oxygen content is at least as important as viscosity in modulating the level of cerebral blood flow in a lamb preparation. Lastly, Reinhart et al.t have established that plasma as well as red cell factors must be addressed in considerations of blood viscosity, especially in the neonate. Therefore, whole blood viscosity must be measured at a variety of shear rates, because predictions from hematocrit alone are bound to be inaccurate. Moreover, the effect of hematocrit on vascular resistance, rather than viscosity, may be a more physiologically relevant relationship.
Confusion still remains about the judicious and appropriate use of blood transfusion in the subject with a precarious oxygen supply/demand balance. 45 In this series of adapted subjects, SOT has been shown to be flow dependent, whereas arterial oxygen content is maintained within a narrow range by regulatory mechanisms. In subjects in acute distress, time may not be sufficient to permit hematologic compensation. In this setting, when SOT reductions are due to low flow or low arterial oxygen content, blood transfusion may be the most direct and effective way of improving oxygen delivery. The effects on viscosity of this approach are not large in the hematocrit range of 25% to 50%, but changes in vascular resistance may be significant. 37 The physiologic need for improving oxygen delivery in various categories of patients with acute and chronic disorders of circulatory and respiratory function must await careful definition of the SOT-V02
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